In this paper, hydrophilic poly(acrylic acid) (PAA) brushes were evenly grafted onto ultra-flat polydimethlysiloxane (PDMS) films by UV irradiation in a benzophenone (BP)/aceton/acrylic acid solution. The grafted films remain the elasticity of PDMS, which indicates the grafting reaction takes place at the superficial surface. But water affects the grafting depth much due to the good diffusion of monomers into the film.
Introduction
Polydimethylsiloxane (PDMS) has many unique properties, such as physiological inertness, good blood compatibility, low toxicity, transparency at UV/vis wavelength, permeability to gases, low cost, reversible sealing to a lot of materials and so on. [1] [2] [3] Benefiting from these merits, it has been widely used in biomedicine, [4, 5] microfluidic chips, [1, 6, 7] and soft lithography. [8] [9] [10] [11] However, original PDMS is very hydrophobic with contact angle in the range of 90 o -102 o , which leads to the accumulation of proteins [12, 13] or other hydrophilic chemical regents [6, 12] on its surface, swelling by some organic solvents [14, 15] , or repelling aqueous solution into its microchannels in fluidic chip. [1, 3, 6, 16] To make the surface of PDMS hydrophilic and maintain its elasticity, researchers have developed many methods, including physical adsorption, plasma treatment, plasma/ozone or UV/ozone oxidation, and surface grafting. [3, 14, [17] [18] [19] [20] [21] However, it has been proved that only the PDMS modified by surface grafting can maintain its hydrophilicity for a long time, [22] those modified by other methods were suffered hydrophobicity recovery due to the weak interaction with adsorbates or blended polymers, or the flexibility of PDMS chains which will embed the hydrophilic layer of oxide into the bulk. However, it's very difficult to graft polymer brushes on the surface of PDMS since the grafted polymer chains easily penetrates the network of PDMS chains due to its high flexibility. Although there are a lot of work on tailoring the PDMS surface by sequentially grafting poly(acrylic acid) (PAA) chains initiated by surface adsorbed photoinitiators to modify the hydrophobic channels in PDMS fluidic microchips [3, 20, 21, 23] , they are focused on the improvement of the devices' performance. We and other peers have demonstrated that the trace of adsorbed photoinitiators affects the surface topography of the grafted PDMS films. [24, 25] And it's very hard to control the distribution of the grafted polymer chains.
In this work, acrylic acid was evenly grafted onto PDMS suface by UV irradiation. Different from the sequential UV graft method mentioned above, the photoinitiators was dissolved in the reaction solution in our experiments, which can get rid of the influence of the trace of adsorbed photoinitiators. In order to study the surface topography of the grafted PDMS, atomic force microscope (AFM) was adopted for the high-resolution profiling of surface morphology and nanostructure in tapping mode.
Experimental section

Materials
The Sylgard 184 TM PDMS kit was purchased from Dow Corning and stored at 4 o C. Water (18.2 MΩ•cm) was treated with a Milli-Q integral water purification system (Millipore, USA). Acrylic acid (AAc) was purchased from Sinopharm Chemcial Reagent Co. Ltd (Shanghai, China) and purified by vacuum distillation before use. Benzophenone (BP), and acetone were also commercially obtained from Sinopharm Chemcial Reagent Co. Ltd (Shanghai, China) and used as received.
Fabrication of ultra-flat PDMS films
Flat PDMS films were fabricated as described previously. [26] Sylgard 184 TM PDMS precursor was mixed thoroughly with its crosslinking agent at a ratio of 10:1 (w/w), and degassed by a vacuum pump. Then the mixture was cast on a freshly cleaved mica and degassed again to ensure good replication of the atomic flat surface of mica. Finally, the mixture was cured at 80 o C for 4 hours. After peeling off from the mica surface, the PDMS films with ultra flat were obtained.
Surface grafting poly(acrylic acid) (PAA) brushes by UV irradiation
The UV graft of PAA onto PDMS surface was realized in one step. The reaction solution is composed of monomer (AAc), photoinitiator (BP), solvent (acetone) at the ratio of 0.5:98:1.5. Before the reaction, the flat PDMS film was immersed in this solution and put in a temperature control system at 45 o C for 30min. Then the reaction began by irradiating the solution under a lamp (1000W Xe). To ensure a uniform UV exposure, the Xe lamp was placed at the focus of a concave mirror. And the distance between the film and the center of the Xe lamp was about five centimeters. After reaction, the grafted films were washed in acetone three times to remove the remained BP and extracted in a Saxhlet apparatus by water for a week to remove the adsorbed monomers and polymers.
Temperature control system
The reaction temperature was controlled by immersion the reaction chamber in a water bath. Water with the temperature of 45 o C was continuously flushed into the bath then drained to take the heat produced by the lamp away.
Investigation of PDMS films by atomic force microscopy
The topography of the dried PDMS films before and after grafting was measured by atomic force microscopy (SPA 400, Seiko Instruments, Japan) in tapping mode with the setpoint ratio of 0.85. The rectangular silicon cantilever (NSC18/Cr-Au, MikroMasch, Russia) with a nominal constant of 3.5 N/m and a typical resonant frequency of 75 kHz was used for imaging.
Results and Discussion
All the height and phase images of PDMS film before and after grafting were shown in Fig. 1 . The height images demonstrates their surface topography and the phase images which reflects variations in composition, adhesion, friction, viscoelasticity, and perhaps other properties.
[27] From the scale bar in Fig. 1A , it can be found that the highest dots in this area are about 6 nm high. But the obvious contrast difference in phase image (Fig. 1D ) manifests that these dots are something unknown rather than PDMS. Thus, if these dots are excluded, the height difference in the majority of this area is less than about 3 nm. The ultra flatness of the original PDMS film may facilitate the discrimination of topography changes by AFM after UV grafting. Fig. 1B shows the surface topography of the PDMS film after grafted in an anhydrous solution composed of BP, AAc, and acetone. We can find that there are period wave-like nanostructures on the surface of this grafted film. These surface waves may be formed in the drying process, [28] since the topography of grafted layers scanned in air can be considered as the conformation of grafted chains in a poor solvent. [29] If there is water in the reaction solution, things go much different. Fig. 1C shows the surface topography of PDMS film grafted in the presence of water. It is quite different from the surface topography in Fig. 1B . We can find that the whole image was broken into many blocks by randomly linked ridges, just like a rimous dry paddy in Fig. 1F. [30] According to the information from Fig. 1C , we can also tell the different composition which respectively belongs to the ridges or the blocks. In scanning, the rigid places always appear higher than the soft ones under a constant force. [31] So, more PAA chains must have been grafted on the ridges than on the blocks, since PAA is rigid and PDMS is an elastomer. The great difference in the phase image (Fig.  1F) can also prove this. For the places with more PAA chains (corresponding to the ridges in Fig. 1C) , they should be more hydrophilic than other places. And the adhesion force between them and the AFM tip in scanning must be higher, then the great phase difference. Less the phase difference, more evenly distributed the grafted chains. In Fig. 1E , the phase difference is less than 12 o , which may be resulted from the different thickness in the wave-like structure. And the grafted layer of PAA is evenly distributed in Fig. 1B .
We contribute the evenly distributed PAA chains on PDMS films to the steric hindrance effect of the grafted chains. In our acetone/BP/AAc reaction solution, acetone can slightly swell PDMS film. So, photoexcited benzophenone (BP*) can diffuse into the surface and abstract hydrogen atoms from PDMS, producing the radicals required for grafting. [25] Since BP was dissolved in acetone in our experiments, the probability of initiating PAA grafting is identical all over the film surface; different from those initiated by the unenvenly adsorbed BP precipitation which determines the ultimate "footprint" of grafted polymer chains. [32] It's the precondition of obtaining uniform grafted PDMS films. After the initiation of grafting polymerization, the grafted chains become longer with the increase of the reaction time, like a living polymerization process. [33] However, the grafted PAA chains have limited compatibility with acetone, indicating that PAA with high molecular weight can't be dissolved in the reaction solution. The white precipitation on the film surface and in the solution can prove this. So, the grafted chains will precipitation on the film surface to form a grafted layer, which can block the diffusion of the monomer (AAc) into the bulk of PDMS film. In this case, grafting is most likely take place at the interface between polymer and solution, [34] as shown in Fig. 2A . And the elasticity of PDMS films is maintained.
When water exists in the reaction solution, the compatibility of grafted PAA chains with the hybrid acetone/water solvent is improved, reflected by the clearly transparent solution after reaction. So, the grafted PAA chains can stand on the PDMS surface and stretch into the solution, and the steric hindrance effect on grafting is eliminated. Monomers can easily penetrate the grafted layer and diffuse into the bulk of PDMS film. It's worth to point out that PDMS is transparent at UV-vis wavelength. Thus, the monomers which have diffused into the bulk of PDMS can also be grafted by the photoinitiator (BP). Grafting polymerization of PAA will take place in the bulk, as shown in Fig. 2B . But the monomers have many chances to be grafted on their diffusion trace. So, the grafting density is gradually decreased from the film surface to the center of the bulk, which will result in stress in the grafted PDMS film. If the stress exceeds the elasticity of the grafted film, cracks will come into being. And these cracks provide new interfaces for grafting. Monomers from the solution can easily reach and be grafted onto these places. Due to the close separation of the cracks, the density of grafted PAA chains is very high, and monomers diffused into the cracks most probably forms hydrogels with the grafted chains for the Tromasdorff effect. With the grafting reaction going on, the cracks becomes longer and longer, filled with PAA hydrogels. As a result, the content of rigid PAA chains in the cracks is higher than that on the blocks, which makes it looks like ridges in AFM height images. Since the PAA grafting takes place in the bulk of PDMS, the graft film becomes rigid. And the existence of the cracks in the bulk of PDMS makes it brittle and easily torn.
Conclusions
In summary, hydrophilic poly(acrylic acid) (PAA) brushes can be evenly grafted onto ultra-flat polydimethlysiloxane (PDMS) films by UV irradiation in an anhydrous benzophenone (BP)/aceton/acrylic acid solution. The grafting mainly takes place at the interface between the film surface and the reaction solution due to the steric hindrance of the grafted PAA layer with high molecular weight which can't be dissolved in the solution. If there is water in the reaction solution, the compatibility of the grafted PAA chains with the reaction solution is improved. In this case, monomers can diffuse into the PDMS film, and the grafting of PAA will take place in the bulk. Thus, the control on the monomer diffusion can provide us a good way to evenly graft PAA chains on hydrophobic PDMS films by UV grafting.
